Abstract The influence of the cellulose substrate on the electrochemical performance of supercapacitor electrode materials made of polypyrrole (PPy) and cellulose is investigated. Composites were synthesized by chemical polymerization of pyrrole on dispersed fibers of cellulose from Cladophora algae and dispersed wood cellulosebased commercial filter papers, respectively, as well as on Cladophora cellulose and filter paper sheets. The resulting composites, which were characterized using scanning electron microscopy, cyclic voltammetry, and elemental analysis, were found to exhibit specific charge capacities proportional to the PPy content of the composites. The highest specific capacity (i.e., 171 C/g composite or 274 C/g PPy) was obtained for composites made from dispersed Cladophora cellulose fibers. The higher specific capacities for the Cladophora cellulose composites can be explained by the fact that the Cladophora cellulose fibers were significantly thinner than the wood cellulose fibers. While the PPy was mainly situated on the surface of the Cladophora cellulose fibers, a significant part of the PPy was found to be present within the wood fibers of the filter paper-based composites. The latter can be ascribed to a higher accessibility of the aqueous pyrrole solution to the wood-based fibers as compared to the highly crystalline algae based cellulose fibers. The present results clearly show that the choice of the cellulose substrate is important when designing electrode materials for inexpensive, flexible and environmentally friendly paper-based energy storage devices.
Introduction
There is currently a high demand for lightweight, inexpensive, flexible, and environmentally friendly energy storage devices for a number of applications including new types of portable electronics, propulsion of all-electric or hybrid vehicles as well as for the management of intermittent renewable energy sources [1] [2] [3] [4] [5] [6] .
As a result of these needs, research is currently carried out to develop both thin flexible lithium-ion batteries [6] and novel current collectors for such devices [7] . Another approach to flexible energy storage involves the utilization of conducting polymers, which offer promising aspects in terms of easy manufacturing, inexpensive raw materials and environmental friendliness [8, 9] . Since the discovery of the conductive properties of doped polyacetylene [10] , a wide variety of polymers with conductive properties have been presented [11, 12] . One of the most promising candidates is polypyrrole [11] (PPy) which can be polymerized in aqueous solutions, and offers good stability as well as a theoretical charge storage capacity of 418 C/g assuming a Cl
-doping level of 33 % [13] . A commonly used approach for making PPy electrodes is to polymerize the monomer, pyrrole, onto a substrate. This can be done by electro polymerization using electrically conducting substrates [14] , but also by chemical polymerization onto both electrically conducting [15] and non-conducting substrates [16] [17] [18] .
Two main problems with conducting polymer based batteries and supercapacitors are their poor cycling stabilities [11, 19] , and rate restrictions due to mass transport limitations within thick polymer layers [20, 21] . To overcome the latter problem, we have previously developed a material based on a chemically deposited thin (*50 nm) layer of PPy coated on a large surface area substrate of dispersed nanofibrous cellulose from the Cladophora algae [22] , which could be used in both paper-based supercapacitors [23, 24] and in electrochemically controlled anion exchange procedures [25] [26] [27] including DNA extraction [28] and hemodialysis [29, 30] . We have also demonstrated that it is possible to produce a material with similar electrochemical properties using dispersed microfibrillated cellulose from wood as substrate for the chemical polymerization of PPy [31] . In addition, it was recently shown that the PPy-Cladophora cellulose composites exhibited excellent cycling stability, with only 0.7 % loss in capacitance over 4 000 cycles, when used as the electrodes in an aqueous symmetric supercapacitor device [32] . It was further shown that no significant loss in capacitance occurred when charging the device to 1.8 V due to an intrinsic self-protective mechanism which prevented degradation of the PPy [32] .
In situ polymerization of conducting polymers on cellulose can be carried out based on three main approaches involving (i) mixing or soaking the cellulose in a monomer solution followed by addition of the oxidant [18] , (ii) soaking the cellulose in a solution of the oxidant followed by addition of monomer solution [33] and (iii) soaking of the cellulose in oxidant solution followed by addition of monomer from the vapor phase [34] . To enable the manufacturing of conducting polymer layers on cellulose with varying thickness, layer-by-layer techniques have been proposed based on deposition from solutions containing oligomers [17, 35] , vapor polymerization [34, 36] and deposition from polymer solutions in organic solvents [37] . However, to the best of our knowledge, the influence of the cellulose substrate on the electrochemical performance of the composites has not yet been systematically studied. In the present work, we investigate how different cellulose substrate types and composite manufacturing processes affect the electrochemical behavior of the obtained PPycellulose composites. For this purpose, we use composites manufactured from paper sheets as well as from dispersed fibers of Cladophora cellulose and commercial filter paper and discuss the influence of the composite morphology on the electrochemical properties of the materials. We also investigate the possibilities of preparing thicker PPy layers (than the previously obtained *50 nm layers) by carrying out the polymerization step several times or with different amounts of the reagents.
Experimental

Sample preparation
Composites prepared from dispersed Cladophora cellulose Cladophora sp. algae cellulose was prepared as described elsewhere [38] . Pyrrole ([97 %), iron (III) chloride hexahydrate ([99 %), Tween 80 and sodium chloride ([99.5 %) (VWR international) were used as received, and deionized water was used throughout the synthesis. Three composites were prepared similarly starting with Cladophora cellulose that was sonicated until dispersed (*8 min) in a beaker containing water using a VibraCell sonicator (Sonics, USA). A pyrrole solution containing a few drops of Tween-80 was then added to the cellulose dispersion and the mixture stirred for 1-2 min using a magnetic stirrer. Polymerization was subsequently carried out by adding a solution of FeCl 3 to the mixture. The reaction was left to proceed under constant stirring, after which the resulting black slurry was transferred to a Büchner funnel and thoroughly washed with water. After the washing step, the mixture was sonicated for 1 additional minute. As a final step, all water was drained from the funnel and the resulting black paper composite was peeled off and left to dry at room temperature. The first of the three different composites was prepared using 68 ml of 6 mg/ml cellulose dispersion, 135 ml 0.4 M pyrrole and 132 ml 0.3 M FeCl 3 solutions, and a polymerization time of 10 min. The second composite was synthesized using double amounts of pyrrole and FeCl 3 relative to the amount of cellulose substrate-106 ml 0.8 M pyrrole and 100 ml 0.6 M FeCl 3 -employing 50 ml 6 mg/ml cellulose dispersion and a polymerization time of 20 min. The third composite was made using the same relative concentrations as in the first synthesis, but in this case a second subsequent polymerization step was also carried out on the black slurry and the polymerization time was 20 min in each step. The third composite was thus also based on double reactant amounts compared to the first composite.
Composite prepared from dispersed filter paper A composite made from dispersed filter paper (Whatman grade no. 42, UK) was prepared by sonicating 300 mg filter paper in 50 ml of water for *8 min until the paper was completely dispersed. After this, 100 ml 0.4 M pyrrole solution was added to the dispersion and the mixture was sonicated for an additional minute. Polymerization was started by adding 100 ml 0.3 M FeCl 3 under constant stirring. After 2 min, 100 ml water was added and the polymerization was allowed to continue for an additional 28 min. The product was washed and collected as described in the previous section.
Composites prepared from sheets of dip-coated Cladophora cellulose paper and filter paper Four different composites were prepared from paper sheets-both commercial filter paper (Whatman grade no. 42, UK) and paper made from Cladophora cellulose. The Cladophora cellulose paper was made by dispersing Cladophora cellulose in water and filtering the dispersion in a Büchner funnel with applied filter paper. The Cladophora cellulose formed a film that could be peeled off and dried to form a paper sheet. Dip-coated composites were made by soaking the paper sheets in a 3.3 M pyrrole solution and then placing them in a 3.0 M FeCl 3 solution for 10 min. After this, the composites were washed with water and left to dry. Two dip-coated composites, made from commercial filter paper and Cladophora cellulose paper, respectively, were produced exactly as described above. The third and fourth dip-coated composites were made with commercial filter paper substrates, and the polymerization procedure was repeated two and three times, respectively, in an attempt to increase the amount of PPy in the composites. Table 1 summarizes the sample preparation procedures for all composites.
Characterization
Electrochemical characterization was performed using an Autolab PGSTAT302 N potentiostat (Ecochemie, The Netherlands). Cyclic voltammetry (CV) was performed in 2.0 M NaCl aqueous electrolyte at scan rates in the range of 5-50 mV/s utilizing a standard three-electrode setup with a coiled Pt-wire as auxiliary electrode and a 3.0 M NaCl Ag/AgCl electrode as reference. The composites, which served as the working electrodes, were cut into small pieces (*5 mg) and contacted with Pt-wire folded into a pocket. All potentials are given versus the Ag/AgCl reference electrode.
Scanning electron microscopy (SEM) micrographs were obtained with a LEO1550 field emission SEM instrument (Zeiss, Germany). The composites were dried and mounted on aluminum stubs using a conductive adhesive tape. Additionally, cross-section SEM micrographs were obtained using a cross-section polisher (Jeol, Japan) and a JSM-7401F microscope (Jeol, Japan).
The PPy content of the samples was evaluated by elemental analysis (CHN-analysis performed by the company Eurofins MikroKemi AB, Uppsala, Sweden).
Results and discussion
As is seen in Figs. 1 and 2, the SEM micrographs for the composites prepared by dip-coating of paper sheets and from dispersed cellulose fibers exhibited different morphologies. The composite made from dip-coated Cladophora cellulose paper sheets (Fig. 1a) , exhibited the previously presented characteristic nanosized fibrillar structure [22] , but appeared more compact than the composites prepared from dispersed Cladophora cellulose (see Fig. 2 ). The composites prepared from dip-coated filter paper sheets (Fig. 1b) exhibited a compact structure much like the filter paper itself with larger, micron sized, fibers. A cross-section SEM micrograph of the latter sample (see Fig. 3a ), revealed bead like structures, characteristic of PPy, on fibers throughout the sample. Corresponding cross-section SEM micrographs of composites prepared from dispersed Cladophora cellulose (Fig. 3b) revealed a structure very similar to that seen in the surface SEM micrograph ( Fig. 2) , indicating that the polymerization had taken place on all the dispersed fibers and that this type of composite had a more homogeneous structure than the composites obtained via polymerization performed on paper sheets. Micrographs obtained for the three different composites prepared from dispersed Cladophora cellulose fibers (Fig. 2) , indicate the presence of similar morphologies, although the composite prepared with twice the amount of pyrrole (Clad_fibers-1double) compared to the standard synthesis (Clad_fibers-1) appeared to have slightly more spherical PPy particles deposited on top of the cellulose fibers. It should, however, be noted that the micrographs only represent very small parts of the samples and that spherical particles could be seen to some extent in all three samples. Nevertheless, these micrographs do suggest that the composites synthesized with larger amounts of pyrrole (Clad_fibers-1double and Clad_fibers-2) contain more PPy and have slightly thicker fibers compared to the standard composite (Clad_fibers-1). This indicates that it is possible to increase the thickness of the PPy layer on the individual cellulose fibers to some extent.
To evaluate how the different obtained structures affect the electrochemical properties of the composites, cyclic voltammograms were recorded with the composites as working electrodes at a scan rate of 5 mV/s in 2.0 M NaCl, as is shown in Fig. 4 . It can be seen that all composites gave rise to well-defined voltammograms with oxidation peak potentials between -0.25 V and 0.02 V vs. Ag/AgCl. The electrochemical behavior of the composites based on the dispersed Cladophora cellulose fibers are in good agreement with that found in previous reports [12, 22, 23, 32] . In Fig. 4 , it can be seen that the magnitude of the currents (normalized with respect to the weight of the composite) increased significantly as a result of the repeated dip-coating process for the filter paper sheet composites, indicating an increased amount of PPy in the composites after each dip-coating step. For the dispersed Cladophora cellulose fiber composites, the effect of a repeated polymerization or increased amounts of reagents on the currents was, however, only marginal. It can also been seen that the normalized currents obtained with the composite prepared by dip-coating of Cladophora cellulose paper sheets were significantly smaller than those obtained with the composites prepared from dispersed Cladophora cellulose fibers. This demonstrates that polymerization on dispersed Cladophora cellulose fibers is a much more efficient way of making composite PPy based materials for energy storage applications than polymerization on Cladophora cellulose paper sheets. Another striking feature in the voltammograms in Fig. 4 is the considerably narrower oxidation peak for the composites prepared from the paper sheets than for the composites manufactured from dispersed cellulose fibers independent of the type of cellulose used. We ascribe this effect to differences in the electrochemical properties of the composites caused by the different polymerization conditions used for the dispersed fibers and paper sheets. In the dip-coating process pyrrole adsorbed on the paper sheets was subsequently exposed to the iron (III) chloride solution used as the oxidant while a mixture of pyrrole and iron (III) chloride was used with the dispersed fibers. The present results suggest that the former process results in PPy with a more narrow distribution of redox potentials [39] possibly due to differences in the polymerization process involving polymerization on the cellulose surface as opposed to predominantly in the solution as can be expected in the dispersed fiber process.
Cyclic voltammograms were also obtained for a range of additional scan rates up to 50 mV/s. At scan rates higher than 50 mV/s, the PPy oxidation peak was, however, found to overlap with the overoxidation [40] peak which rendered a separation of the charge contributions from these two processes impossible. The latter was mainly a result of an anodic shift in the PPy oxidation peak with increasing scan rate as the peak potential for the overoxidation peak remained practically independent of the scan rate. Since overoxidation leads to a degradation of the polymer [40] , this process cannot be used for reversible charge storage and the charge contribution from the overoxidation reaction was therefore not included when evaluating the charge capacities of the composites from the voltammograms. In Fig. 5 , the charge capacities per gram composite are shown as a function of the scan rate for four of the studied composites (Sample voltammograms are provided in the electronic supplementary material). Interestingly, there was no significant drop in the charge capacity for any of the samples. This suggests that the mass transport rates of the counter ions within the composite and the PPy layer were high enough to ensure a complete oxidation and reduction of the PPy layer at all the employed scan rates. This can be attributed to the porous nature of the composites seen in Figs. 1-3 and the presence of relatively thin PPy layers on the individual cellulose fibers, at least for the Cladophora cellulose fibers. We have previously shown [22, 23] that the PPy layers are about 50 nm thick for the dispersed Cladophora cellulose fiber composites. In Fig. 5 , it is clearly seen that the composite prepared from dispersed Cladophora cellulose fibers yielded the highest specific charge capacities (i.e., *150 C/g) while the lowest specific charge capacity (i.e., *20 C/g) was found for the dipcoated Cladophora cellulose paper sheet composite. The higher value of 150 C/g corresponds to an integrated specific capacitance of about 180 F/g which agrees well with previously reported values for PPy in the literature [8] . The higher specific charge capacities for the dispersed Cladophora cellulose composites, when compared to the filter paper-based composites, are readily explained by the fact that the average Cladophora cellulose fiber diameter was significantly smaller than that for the wood based cellulose fibers present in the filter paper-based composites (see Fig. 1 ). The small specific capacity for the dip-coated Cladophora cellulose paper can, as will be discussed in Fig. 4 Cyclic voltammograms, recorded at 5 mV/s in 2.0 M NaCl, for the different PPy/ cellulose composites. The currents were normalized with respect to the composite weights more detail below, be explained by the high crystallinity of the Cladophora cellulose fibers. In Fig. 5 it is likewise seen that the charge capacity of the dip-coated filter paper sheet composite could be increased from *50 to *80 C/g by repeating the dip-coating process one time. These results, which confirm our previous conclusions based on the currents in the voltammograms in Fig. 4 , clearly demonstrate the advantage of using the previously described polymerization process based on a dispersion of Cladophora cellulose fibers.
To investigate the cause of the higher specific charge capacities for the composite prepared from dispersed Cladophora cellulose fibers compared to those of the other composites, the specific charge capacity was plotted versus the amount of PPy in the different composites (the amounts were obtained by CHN-analysis). As is seen in Fig. 6 , the specific charge capacity was found to depend rather linearly on the concentration of PPy in the composites indicating that the same fraction of the PPy layers (most likely close to 100 %) was electrochemically active in all composites. This is in good agreement with expectations based on previously published reports [22, 23] .
As can be expected based on the results presented in Fig. 5 , the highest PPy specific charge capacities (and PPy content) were found for the composites prepared from dispersed Cladophora cellulose fibers. For these composites, PPy contents up to 63 wt% were obtained whereas a content of only 12 wt%, was reached for the composite prepared from a Cladophora cellulose paper sheet. The lower PPy concentration in the paper sheet composites compared to the composites prepared from dispersed fibers can be explained based on the dip-coating polymerization process because the yield of this procedure clearly is limited by the amount of pyrrole solution absorbed by the paper sheets. This also explains the observed increase in the charge storage capacity (and PPy content) as a result of a second and a third dip-coating step for the composites prepared using the filter paper sheets. For composites prepared from dispersed cellulose fibers, the PPy concentration is instead expected to be controlled by the amount of pyrrole present in the dispersion. When comparing the results for the three composites prepared from dispersed Cladophora cellulose fibers it is, however, evident that the use of double the amount of pyrrole and FeCl 3 (see Fig 6, Clad_fibers-1double), or a repeated polymerization (see Fig. 6 , Clad_fibers-2) only resulted in an * 5 % increase in the specific charge capacity (yielding 171 and 164 C/g, respectively) compared to the standard dispersed Cladophora cellulose fiber composite (see Fig. 6 , Clad_fibers-1). The standard Cladophora cellulose dispersed fiber composite contained 54 wt% PPy while the corresponding PPy concentrations in Clad_fibers-1double and Clad_fibers-2 were 62 and 63 wt%, respectively. These results suggest that there is an upper limit for the PPy layer thickness on the dispersed Cladophora cellulose fibers that can be reached with the present polymerization procedure. The reasons for this are not yet fully understood but could involve adherence problems causing a loss of PPy during the composite washing step. This hypothesis is supported by the fact that the washing solution turned slightly black for the Clad_fibers-1double composite and the results of a study by Ichinose et al. [35] , in which a QCM resonator was repeatedly immersed in the polymerization solution and insoluble polymer was observed to precipitate from the reaction mixture and attach to the QCM resonator. This polymer was, however, easily removed by washing, indicating poor polymer-polymer adhesion. The significantly lower specific charge capacity (and PPy content) for the composite prepared from a Cladophora cellulose paper sheet (Clad_paper_dip-1) compared to the corresponding composite made using a filter paper sheet (Filter_paper_dip-1) may at first, seem surprising based on the morphological characterization of the two composites, which showed that the Cladophora cellulose paper had a high fiber surface area [38] . A possible explanation could, however, be that the Cladophora cellulose fibers are highly crystalline [38] which means that a solution, such as the aqueous pyrrole solution used in the present synthesis, cannot penetrate the fibers during the soaking stage of the synthesis but instead is restricted to the fiber surface and the interstitial space between the fibers [41, 42] . The hypothesis is further supported by the fact that the BET specific surface area for the Cladophora cellulose was of the same order of magnitude (*50-100 m 2 /g) with both nitrogen and water adsorption [38] , proving that, in this material, water could not find additional attachment sites compared to those found by the non-reactive nitrogen molecules [41] . For the composites made with cellulose from wood fibers the situation is different. Such fibers have a significantly lower degrees of crystallinity [38, 43] , and the specific surface area probed by water adsorption is significantly higher (*120-200 m 2 /g) than that probed by nitrogen [38, 44] (*0.5-1 m 2 /g). Waterbased solutions can, therefore, easily penetrate these cellulose fibers. Celluloses with lower degrees of crystallinity also have a higher average number of hydrogen bonds between water molecule and cellulose, verifying the deep fiber penetration [45] .
The fact that the specific surface area available for a water-based solution was higher for the wood cellulose (than for the Cladophora cellulose) also suggests that PPy could have been present both on the surface and within the wood fibers. PPy has, in fact, previously been found to be formed in the amorphous regions of cellulose fibers [46, 47] . Further support for the presence of PPy within the wood fibers can be found by scrutinizing the PPy concentration data in Fig. 6 . Since the average diameter of the wood fibers was of the order of micrometers while that for the Cladophora fibers typically was *50 nm, the presence of only a PPy film on the surface of the wood fibers would not give rise to the PPy concentrations seen in Fig. 6 . To explain the PPy concentrations seen in Fig. 6 , PPy must hence also have been present within the wood fibers. Although, it is possible that PPy to some extent was present within the Cladophora cellulose fibers, most of the PPy was undoubtedly present on the surface of these fibers due to the limited volume of the crystalline (and thus more water inaccessible) fibers. As is seen in Fig. 6 , the PPy contents of the filter paper sheet composites were all relatively low (below 31 wt%; cf. Fig. 6 ) in comparison with those for the composites made using the dispersed fiber approach. The higher PPy concentration for the dispersed fiber composites as compared with the corresponding dip-coated composites can be explained by the larger total fiber surface area exposed to the polymerization solution in the dispersed fiber approach. This effect should clearly facilitate the attainment of a more complete coverage of the cellulose fibers.
Conclusions
The specific charge capacities of cellulose-polypyrrole (PPy) composites, manufactured from commercial filter paper and Cladophora cellulose paper sheets, as well as dispersed wood and Cladophora cellulose fibers, were found to be proportional to the PPy content of the composite, despite differences in the polymerization procedure, and the highest specific charge capacity (i.e., 171 C/g) was obtained for composites manufactured from dispersed Cladophora cellulose fibers. This charge capacity corresponds to 274 C/g when normalized with respect to the PPy content of the sample. Dip-coating of premade paper sheets was found to result in composites with lower specific charge capacities than when polymerization on dispersed fibers was carried out prior to the paper making step. SEM analyses showed that it is possible to form PPy throughout a sheet of filter paper using the straightforward dip-coating polymerization process and that the composites prepared from a dispersion of Cladophora cellulose fibers exhibited very similar structures in the bulk as on the surface. It is concluded that the Cladophora cellulose composite was composed of cellulose fibers coated with a thin layer of PPy whereas the PPy in the filter paper composites may also have been situated within the wood cellulose fibers. The latter can be explained by the higher accessibility of the aqueous pyrrole solution to wood-based fibers as compared to high crystallinity algae based cellulose fibers. The present results clearly show that the cellulose substrate and polymerization procedure are very important factors in the development of new paper-based electrode materials for inexpensive, flexible and environmentally friendly energy storage devices. distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
